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I. INTRODUCTION
The building of the Government zone of Guayaquil was design and built in the nineties for the headquarters of "Banco del Progreso"; later it passed into the hands of the Ecuadorian state as a result of the financial crisis of 1999. The building remained closed about eight years until it was restored to function as a public building for government offices in 2007.
This study seeks to evaluate opportunities for improved energy efficiency of the building, by simulating alternatives for reducing energy consumption, focusing on the HVAC system.
A. Motivation of the study
In the Ecuadorian coast, the climate is mainly influenced by ocean currents: the cold Humboldt Current and the warm current of "El Niño", resulting in a tropical climate [1] . Guayaquil, geographically located with latitude 2°16' South and longitude 79°54' West [2] , has two seasons: "dry tropical" and "tropical monsoon" [3] .
During the period comprising the months from December to May, a rainy season occurs on the Ecuadorian coast. In cities like Guayaquil, the values of temperature and humidity reach levels well above annual mean values. This increase in temperature and humidity cause greater demand for refrigeration and air conditioning systems, resulting in a rise in power demand. Figure 1 shows values of temperature and relative humidity for the year 2013 [3] . These figures show the need and importance of air conditioning systems in Guayaquil to achieve comfortable indoor conditions and optimal productivity of the same [4] . Therefore, it is crucial that buildings have efficient HVAC systems; and to quantify potential energy savings that are significant.
B. Background and justification
The efficient use of energy has been considered in developed countries for more than three decades as an additional energy source [5] . The initiatives by the Ecuadorian government to develop this area are relatively recent [6] . So for now, there are no current national regulations to cover the complete requirements of energy efficiency in buildings. An alternative adopted is the use of international standards, being the ASHRAE standards, the most widely used [7, 8] . Public policy and programs in energy efficiency require knowledge of local features such as climate, materials, and construction techniques, among others to be successful.
In Ecuador, in the field of energy efficiency in buildings Alvear et al. [9] showed a planning framework for zero-energy buildings, applied in the design of a prototype building in Ecuador. Regarding the impact of the envelope on the energy performance of Ecuadorian constructions, Macias et al. [10] , presented a study of the effects of solar reflectance of roofing assemblies on energy behavior of social interest dwellings located in Guayaquil. In the particular case of this building, Naranjo et al. [11] conducted a comparative analysis and a projection of three different solar cooling system configurations for the 15th floor of the building.
C. Building Description
The building has an architecture combining colonial and contemporary styles, the facade of the first three floors is composed of glass and concrete while the rest of the building has an entirely translucent facade. The proportion of glazed envelope is approximately 75%.
The building has a basement with the parking, a ground floor with a large lobby area and 15 floors with approximately 20,635 m 2 of net area. The building has a capacity of 1300 office workers, 250 telephone lines, seven elevators and a heliport that can support up to 2500 kg. For climatization purposes, the building has a chiller plant; it also has some direct expansion equipment at particular points of the building. In the original design, the air conditioning and ventilation were handled by an intelligent control system, but now the system is disabled and checks are done manually. Most of the air conditioning is performed by the chilled water system which is comprised by chillers, cooling towers, air handlers, and a variable air volume (VAV) distribution system.
The operating temperature is between 21 °C and 23 °C, and an average relative humidity of 50%. The chilled water system has three chillers, two of which are operating and are described below: One centrifugal chiller, with a capacity of 450 TON-R and one centrifugal chiller with a capacity of 500 TON-R. For the heat rejection of the system, there are two cooling towers and four pumps (30 HP) for circulating water to the cooling towers.
For the air distribution of the building, there are four pumps (50 HP) for recirculation of cold water. On each floor there are two air handlers with a capacity of 180,000 BTU/Hour each, except on the 15th floor, which has three lower capacity air handlers: two handlers are 36,000 BTU/Hour, and one is 72,000 BTU/Hour also. Additionally, there is a stand alone 350,000 BTU/Hour unit for the exclusive use of the dining room. For the main lobby area, the system has two air handlers 380,000 BTU/Hour, for spectators in the auditorium of the building, has two 140,000 BTU/Hour equipment.
The centralized air conditioning system is complemented by direct expansion equipment located in certain areas of special requirements, Table I summarizes the number and capacity of direct expansion equipment situated on each floor and will be considered in the model.
II. METHODOLOGY

A. Methodology workflow
The study is divided into two periods: a baseline period and retrofit period, as shown in Fig. 3 . The first one determines the energy baseline; while the other one focuses on determining the effect of the proposed measures on the energy performance of the building. 
B. Baseline Modeling
A baseline model represents the use of the existing energy and operating conditions of the building. This model is to be used as a reference to estimate the energy savings incurred from appropriately selected energy conservation measures [12] . Because the edification is already built, a modeling approach based on data is used [13] . This process means that, using the current building conditions, a baseline model that must be validated is developed. Figure 4 shows the steps and information required for the baseline modeling, the first two stages have as objective to define the computer model; while the last involves the calibration process. The software used to generate the simulation file is Open Studio [14] ; which it is an interface that facilitates interaction with Energy Plus that is the energy simulation engine [15] .
To choose the calibration method to validate the model is necessary to consider the timeline with which actual building consumption is registered; then the calibration may be performed using, for example; a monthly method or an hourly method among others.
To validate the developed model is used as a reference the ASHRAE Guideline 14; in which the recommended statistical indices for calibration models are defined, expressions are shown below:
1) Coefficient of variation of the standard deviation (CVSTD):
  
Where y is the dependent variable of some function of the independent variables, ŷ is the regression model's predicted value of y, y is the arithmetic mean of the n values of y, n is the number of data points or periods in the baseline period and p is the number of parameters or terms in the baseline model, as developed by a mathematical analysis of the baseline data [16] . Table II presents the acceptable ranges for each index (tolerances) according to the calibration method to be used. 
C. Simulation of energy efficiency measures
The retrofit phase of this study consists of the proposition and simulation of some energy saving measures, aimed at reducing energy consumption in HVAC systems. Figure 5 shows the steps to follow during this stage. The measures are established based on technical criteria and their effect on building consumption. They will be evaluated by comparing the simulation predicted data from each simulation performed whit the baseline results.
Several models have been developed from the baseline scheme to simulate changes introduced by some proposed energy savings measures. The measures proposed are focused on the optimization of chilled water plant -the main component of the HVAC system. Two saving measures are suggested to reduce the energy consumption of the HVAC system; each one with two alternative forms of implementation that will be simulated. Developed models need to be analyzed independently to know the effects of each proposed measures, for this, it the designation given in Table III is introduced.   TABLE III  DESIGNATION FOR MODELS  Models Alternatives considered in the models Measure 1: Reduction of the pressure head in the chiller of the chilled-water plant. M1A1 Decrease the inlet condenser water temperature. M1A2 Increase in outlet chilled-water temperature.
Measure 2: Implementation of variable frequency drives.
M2A1
Implement variable frequency drives in the inlet-water pumps to the evaporator.
M2A2
Replace the current chiller with a new chiller possessing variable frequency drives.
Reducing the lift (pressure head) is proposed to decrease the compression power. These would allow improving the chiller performance and therefore, reduce energy consumption in chilled-water plant [17] . The adjustment variables in the model are the entering-condenser-water temperature (ECWT) and the leaving chilled-water temperature (LCHWT), considering that the condenser-water flow is constant.
The following mechanical components of HVAC system are considered for the implementation of variable frequency drives (VFD): the inlet-water pumps to the evaporator and the compressor of the chiller.
It should be mentioned that in the first case an adaptation of the initial system pumps is proposed; while in the second case, a replacement of the conventional chiller (450 TON) for a VFD chiller is proposed [18] .
III. RESULTS
The results of the first part of this study consist of the determination of a calibrated baseline model. Among the defined features in the development of the model are: the environmental conditions, the geometry of the building, materials and constructions of the envelope, usage and occupancy profiles, types of spaces, thermal zones, cooling loads and installed systems. Figure 6 presents a threedimensional view of the building that was modeled using the OpenStudio plug-in from the SketchUp workspace. The energy baseline consists of the results of the annual simulation. Simulated monthly consumptions are validated using calibration indices, for that the monthly consumption during a yearly period is considered. The indices "CVRMSE" and "NMBE" are calculated using the utility bills and simulated consumptions according to expressions (2) and (3). Table V presents the best results obtained during the iterative simulation process. In both cases the values obtained are within the acceptable range, so it can ensure that the model is calibrated, and their energy consumption could be used as the energy baseline. Figure 7 shows a graphical comparison between simulated consumption and the average real consumption. It is possible to observe that the month that presents the lower difference between real and simulated consumption is January (0,11%), while the months with more differences are August (7,41%) and December (7,25%). Also, July is the month with the lower consumption value in both cases. Figure 8 shows a comparison between the baseline energy consumption and the monthly simulated consumption for the M1A1 model; also the end uses of energy in each month can be observed. Although there are no significant reductions in electric consumption for the cooling demand, it is noticeable that the reduction is very regular in all months except August where the decrease is slightly higher. In Figure 9 the end uses of energy in each month for the M1A2 model can be observed; also a comparison between monthly energy consumptions of baseline and simulated model is shown. It is noted that exist a considerable reduction in energy consumption for cooling demand in the case M1A1, especially in the months from June to December; the month of August is the one with the largest decrease. During the months from January to May consumption reductions are negligible; March is the month reporting the smallest decrease. In the case of the M2A1 model, the simulated monthly consumption is not reduced significantly compared to the baseline in any of the months, as observed in Figure 10 . It is also appreciated that the proportion of energy reduction is regular throughout the year, except in the month of August where energy decreases slightly larger. March is the month with the largest energy consumption, on the other hand, the lower power consumption occurs in July. Figure 11 shows the end uses and the total consumption obtained from the simulation of the model M2A2 during an annual period. A drastic reduction in monthly consumption for cooling is observed for most of the year except in the months from February to April. The month with the highest registered consumption was March, while; the month with the lowest consumption was July and the month with the largest decrease in consumption was August. The months of March and April do not present reduction in electric consumption. 
IV. DISCUSSION
In all simulated models, consumption reduction with respect to the baseline was obtained. The first proposed saving measure M1A1 model shows a reduction of 3.28% of annual consumption; while for the alternative proposed in M1A2 model, the reduction was 7.42%. On the measure of the implementation of variable frequency drives in HVAC equipment, in the alternative M2A1 the reduction was 1.76%, while; for the alternative in M2A2 model a saving of 16,15% was obtained. Figure 12 shows the annual electricity consumption of the simulated models. The alternatives simulated on the M1A1 and M2A1 models produced little significant savings. The decrease in the condenser inlet temperature is limited by the environmental conditions of the city of Guayaquil. In the second model, the application of variable frequency drives to the pumps results in savings 19.85% for pumping. However; in total consumption this category represents only 7.06%.
TABLE VI SUMMARY OF THE SAVINGS ACHIEVED
Model
Saving measure Percent
M1A1
Decrease in the entering-condenser-water temperature.
3.28%
M1A2
Increase in the leaving chilled-water temperature.
7.42%
M2A1 Implement variable frequency drives in the pumps for water of entry to the evaporator.
1.76%
M2A2
16.15%
In the M1A2 and M2A2 models, the savings achieved are significantly higher than in previous cases. In the simulation of M1A2, the results show a clear impact of this measure on cooling and pumping consumption with reductions of 13.18% and 14% respectively. It is possible to achieve a greater reduction in energy consumption by the simultaneous implementation of the saving measures previously presented. For this reason; it is proposed to simulate additional models containing combinations of the alternatives. Fig. 13 Annual consumption combining alternatives. Figure 13 shows the simulated consumption obtained for each combination. It is observed that the models that include replacing the current chiller recorded the lowest consumptions, however; the model that combines the M1A2 and M2A2 alternatives reached savings of 26.42%.
V. CONCLUSIONS
The application of technical approaches for improving the performance of HVAC equipment can achieve significant energy savings; being increased the entering water temperature to evaporator the alternative that allows a further reduction in consumption (7.42%) without replacing the equipment. For the approach of replacing conventional chiller, one with variable frequency drive was obtained 16.15% reduction in consumption.
The application of variable-frequency drive in HVAC system is a measure that proved capable of generating significant savings in energy consumption. However; implementing this measure involves modifying or replacing equipment currently in the system in operation. For that reason; it is necessary to ensure that major savings in total consumption will be obtained to justify its implementation, such is the case of the second alternative where a reduction of 16.15% was obtained.
This study has estimated that it is possible to obtain up to 26.42% savings for the building "Zonal Government of Guayaquil." Similar studies could evaluate the implemented measures and identify opportunities for greater impact on energy consumption and achieve better energy performance in public buildings.
The combination of energy-saving measures proved to be effective in reducing power consumption. In this work, adjustment and modification of HVAC equipment were analyzed, however; it would be interesting to conduct an analysis to include other measures such as envelope changes and lighting control.
